Introduction
============

Osteoarthritis (OA) is the most common degenerative disease of the human articular cartilage, and a major cause of physical disability due to symptoms, such as pain, stiffness and loss of mobility, characterized by the progressive destruction of articular cartilage, subchondral bone alterations, the formation of osteophytes and synovitis ([@b1-ijmm-34-02-0451]). Although multiple patient-specific variables contribute to the risk of OA, such as aging, failure of nutrient supply and genetic predisposition, joint injuries increase the risk of developing OA by as much as 10-fold, or in some injuries, even by much more than 20-fold ([@b2-ijmm-34-02-0451]). It has been suggested that excessive acute impact energy or chronic mechanical overload causes damage to chondrocytes and is thus responsible for OA ([@b3-ijmm-34-02-0451]). Yet, the mechanisms through which excessive mechanical force causes OA remain unknown. A recent study on cartilage injury *in vitro* demonstrated that chondrocyte damage and death caused by mechanical injury releases the effector molecules that activate chondroprogenitor cells *in vitro* that propogate and migrate to regions of damaged cartilage ([@b4-ijmm-34-02-0451]).

Another study revealed that these mechanically injured chondrocytes produce chemokines and cytokines that can cause joint inflammation and progressive cartilage loss ([@b5-ijmm-34-02-0451]). Blocking the expression of the effector molecules in mechanically injured joints may have the potential to prevent destructive inflammation. Therefore, the identification of the effector molecules and the molecular mechanisms responsible for regulating their expression is crucial for improving the effectiveness of current treatments for osteoarthritis.

Mechanical injury is a major cause of OA in humans. The pathological process of joint injury has 2 phases: the primary injury caused by a sudden mechanical force, and the secondary injury. The delayed, secondary injury is considered to be due to a cascade of biochemical reactions that are important in the mechanisms of OA. As cellular and micron-sized structural changes *in vivo* are hard to detect immediately post-injury, research on joint mechanical injury has focused on understanding the mechanisms of the secondary step that accounts for chondrocytes damaged by mechanical injury *in vitro* ([@b6-ijmm-34-02-0451]--[@b8-ijmm-34-02-0451]).

Apoptosis, or programmed cell death, is a physiological process responsible for maintaining homeostasis in articular cartilage ([@b9-ijmm-34-02-0451]). The OA cartilage contains a higher percentage of chondrocytes undergoing apoptosis than normal cartilage. Previous studies have demonstrated that chondrocyte apoptosis is related to the progression of OA. Chondrocytes undergo apoptosis in response to mechanical injury *in vitro* ([@b10-ijmm-34-02-0451],[@b11-ijmm-34-02-0451]). Chondrocyte apoptosis and necrosis have been reported in response to bovine and human cartilage wounding, following the mechanical injury loading of cartilage explants ([@b12-ijmm-34-02-0451],[@b13-ijmm-34-02-0451]). Mechanical injury as an important inducer of apoptosis plays a considerable role in the pathogenetic mechanisms of OA ([@b11-ijmm-34-02-0451]). It may be an important mediator of chronic articular lesions in OA.

MicroRNAs (miRNAs or miRs) are a family of \~22-nucleotide endogenous non-coding small RNAs that regulate the expression of multiple genes involved in a number of physiological functions and disease processes, including OA ([@b14-ijmm-34-02-0451]). Typically, they bind to the 3′-untranslated region (3′-UTR) of their target mRNAs and repress protein expression by affecting mRNA translation and/or destabilization ([@b15-ijmm-34-02-0451]).

Previous studies have indicated that miRNAs are known to play a key role in mediating the effects of the main risk factors for OA, such as innate and adaptive immune responses ([@b16-ijmm-34-02-0451]--[@b18-ijmm-34-02-0451]), aging, chronic pain and inflammation ([@b19-ijmm-34-02-0451]--[@b22-ijmm-34-02-0451]), through the control of target genes ([@b23-ijmm-34-02-0451]--[@b25-ijmm-34-02-0451]). The functions of regulated genes involve almost all aspects of cellular process, such as proliferation, differentiation, motivation, communication, senescence and apoptosis ([@b26-ijmm-34-02-0451]--[@b28-ijmm-34-02-0451]). Three previous studies ([@b29-ijmm-34-02-0451]--[@b31-ijmm-34-02-0451]) identified a signature of 17, 16 and 7 miRNAs, respectively that distinguishes normal from osteoarthritic cartilage tissue, by microarray and real-time PCR assays. miR-146a is one of these identified miRNAs associated with OA cartilage ([@b32-ijmm-34-02-0451]).

Recent evidence suggests that miR-146a is markedly expressed in OA cartilage compared with normal cartilage, and its expression is induced by the stimulation of interleukin (IL)-1β ([@b33-ijmm-34-02-0451]). However, miR-146a expression levels in OA synovial tissue are low ([@b29-ijmm-34-02-0451],[@b34-ijmm-34-02-0451]). miRNA-146a expression is induced in response to lipopolysaccharide (LPS) and pro-inflammatory mediators in THP-1 cells and this induction is regulated by nuclear factor (NF)-κB, which in turn downregulates inflammatory cascades by decreasing the expression of IL-1 receptor-associated kinase-1 (IRAK1) and tumor necrosis factor (TNF) receptor-associated factor 6 (TRAF6). IRAK1 and TRAF6 impair the NF-κB activation pathway and suppress the expression of NF-κB target genes, such as IL-6, IL-8, IL-1β and TNF-α ([@b16-ijmm-34-02-0451],[@b23-ijmm-34-02-0451],[@b25-ijmm-34-02-0451],[@b35-ijmm-34-02-0451]). These findings suggest that miR-146a plays a role in the damage of chondrocytes due to mechanical injury; miR-146a thus has potential as a novel therapeutic target in OA.

In this study, we used a self-designed, mechanical pressure-controlled cellular injury unit \[utility model patent of China granted ([@b36-ijmm-34-02-0451])\] to precisely generate 10 MPa of pressure on normal human chondrocytes inside a high-pressure container, which was placed in a 37°C thermostatic apparatus for 60 min. The results indicated that mechanical pressure affected the viability of the chondrocytes and induced the early apoptosis of chondrocytes. We used miRNA and gene microarray analysis to screen the differentially expressed genes and miRNAs between normal chondrocytes and mechanically injured chondrocytes. The results of the miRNA microarray and gene microarray demonstrated that the expression of mir-146a was upregulated in the mechanically injured chondrocytes. Bioinformatics analysis revealed that Smad4 is a potential target gene of miR-146a. Combined with the gene microarray report that the expression levels of Smad4 were downregulated and the expression levels of vascular endothelial growth factor (VEGF) were upregulated, we put forward the hypothesis that Smad4 regulates the expression of VEGF and mediates the damaging effects of miR-146a in the process of mechanical injury responsible for the pathogenesis of OA. We then evaluated the alterations in miR-146a, Smad4 and VEGF expression in normal chondrocytes following mechanical injury *in vitro*, and confirmed that Smad4 is a direct target of miR-146a. We found that in chondrocytes subjected to mechanical pressure injury, the expression levels of miR-146a and VEGF increased and the levels of Smad4 decreased.

Furthermore, we demonstrate that the increase in miR-146a expression downregulated Smad4 and upregulated VEGF expression, and induced the apoptosis of the mechanically injured chondrocytes. Conversely, the inhibition of miR-146a or the overexpression of Smad4 reduced VEGF expression in the mechanically injured chondrocytes. Taken together, these findings suggest that the dysregulation of miR-146a may contribute to the pathogenesis of OA by inhibiting Smad4, a key component in the anabolic forming growth factor (TGF)-β pathway, by stimulating VEGF in the angiogenesis, chondrocyte hypertrophy and extracellular matrix degradation pathways, and by inducing chondrocyte death.

Materials and methods
=====================

Ethics statement
----------------

All human tissue samples were obtained in accordance with the World Medical Association Declaration of Helsinki Ethical Principles for Medical Research Involving Human Subjects, and were approved by the Ethics Review Committee of the Fourth Military Medical University, Xi'an, China (approval ID: 2013023) and written informed consent was obtained from all participating patients.

Isolation and culture of normal human chondrocytes
--------------------------------------------------

Normal knee cartilage samples were obtained from subjects undergoing post-traumatic above-knee amputation. Primary chondrocytes were isolated from the femoral condyles and tibial plateau of these human knee cartilage samples and cultured. The tissue samples were minced into small fragments, followed by digestion first with 0.25% trypsin (Gibco/Invitrogen, Carlsbad, CA, USA) for 30 min at 37°C and then with 0.2% collagenase (Sigma, St. Louis, MO, USA) for 5 h at 37°C. The dissociated cell suspension was filtered through a 40-μm cell strainer (BD Falcon, Bedford, MA, USA), and thecells were collected by centrifugation at 800 × g for 10 min. The chondrocytes were then cultured in DMEM/F-12 medium (Gibco/Invitrogen) supplemented with 10% fetal bovine serum (FBA, Gibco/Invitrogen). Following overnight culture, non-adherent cells were removed, and the adherent cells were further incubated in fresh medium. Primary chondrocytes were cultured according to previously described methods ([@b37-ijmm-34-02-0451]--[@b39-ijmm-34-02-0451]). The chondrocytes used in the experiments were all first sub-culture cells. The results of quantitative reverse transcription PCR (RT-qPCR) demonstrated that all chondrocytes expressed type II collagen and did not express type I collagen.

Mechanical pressure injury to normal human chondrocytes
-------------------------------------------------------

We used a self-designed, mechanical pressure-controlled cellular injury unit to precisely generate 10 MPa of pressure on normal human chondrocytes which were grown to 70--80% confluence inside a high-pressure container, which was placed in a 37°C incubator for 60 min. The control groups were placed in the unit but not loaded. This unit \[utility model patent of China granted ([@b36-ijmm-34-02-0451])\], consists of 4 parts: the mechanical pressure container, the pressure control system, the temperature control system and the compressed gas cylinder ([Fig. 1](#f1-ijmm-34-02-0451){ref-type="fig"}). The chondrocytes were cultured immediately following injury and maintained in culture for 8, 12, 24 or 48 h to provide time for metabolic changes to occur before the subsequent experimental procedures.

MTT assay
---------

The viability of the human chondrocytes was assessed at 8, 12, 24 or 48 h following mechanical injury by MTT assay, as previously described ([@b40-ijmm-34-02-0451]). Human chondrocytes were seeded at a density of 1×10^5^ cells/well in a 96-well plate and were grown to 70--80% confluence before mechanical pressure injury. The chondrocytes were cultured immediately after injury and maintained in culture for 4 h to provide time for metabolic changes to occur before the subsequent experimental procudures. Subsequently, each well was supplemented with 10 μl of 5 mg/ml MTT and incubated for an additional 4 h at 37°C. The medium was then removed, and 150 μl DMSO (Sigma-Aldrich, Shanghai, China) were added to solubilize the MTT formazan. The optical density was read with a spectrometer at a wavelength of 490 nm. Wells without cells were used as blanks, and their values were considered the background values and subtracted from each sample.

Apoptosis assay by flow cytometry
---------------------------------

The apoptotic rate of the chondrocytes was detected and quantified by flow cytometry following staining with Annexin V-FITC and propidium iodide (PI; both from Roche, Mannheim, Germany). The chondrocytes (1×10^4^) were harvested, washed and incubated with Annexin V-PI for 15 min at room temperature in the dark. The chondrocytes were analyzed by flow cytometry using a Becton Dickinson fluorescence-activated cell sorter (BD Biosciences, San Jose, CA, USA) with emission filters of 530/30 nm (FITC) and 585/42 nm (PI). The percentage of apoptosis was analyzed using Becton Dickinson Cell Quest software. Each test was repeated in triplicate.

Microarray analysis
-------------------

The miRNA expression profiles of the normal human chondrocytes and the human chondrocytes subjected to mechanical pressure injury were determined by miRNA microarray analysis using the GeneChip miRNA 3.0 Array (Affymetrix, Santa Clara, CA, USA), based on Sanger miRBase Release 17.0 ([@b41-ijmm-34-02-0451]). The transcription profiles of the normal human chondrocytes and the human chondrocytes subjected to mechanical pressure injury were determined by gene microarray analysis using the GeneChip Human Genome U133 Plus 2.0 Array (Affymetrix). The method was employed to identify differentially expressed miRNAs and genes between the normal chondrocytes and the chondrocytes subjected to mechanical pressure injury, as previously described ([@b23-ijmm-34-02-0451],[@b31-ijmm-34-02-0451],[@b42-ijmm-34-02-0451]).

Target prediction
-----------------

Putative target genes regulated by the miRNAs differentially expressed in normal chondrocytes and those subjected to mechanical pressure injury were predicted bioinformatically and combining the prediction of their supposed targets with the different genes expression of chondrocytes. Bioinformatics analysis was performed using these specific programs: miRanda (<http://www.microrna.org>), Pictar (<http://pictar.mdc-berlin.de/>) and Targetscan (<http://www.targetscan.org/>), as previously described ([@b31-ijmm-34-02-0451]).

RNA oligonucleotides, plasmids, siRNA and transfection
------------------------------------------------------

The FAM modified 2′-O-me-oligonucleotides were synthesized by GenePharma (Shanghai, China). The sequences of the 2′-O-me-miR-146a mimics and 2′-O-me-miR-221 inhibitor, as well as a negative control of miRNA mimics (negative mimics) or inhibitors (negative inhibitors), were as follows: 5′-UGAGAACUGAAUUCCAUGGGUU-3′, 5′-AACCCAUGGAAUUCAGUUCUCA-3′ and 5′-UUGUACUACACAAAAGUACUG-3′. Smad4 siRNA (Smad4 siRNA: sc-29484; control siRNA: sc-37007) was purchased from Santa Cruz Biotechnology (Santa Cruz, CA, USA). When the cells were grown to 70--80% confluence, transfection was performed using the Lipofectamine™ 2000 transfection reagent (Invitrogen) according to the manufacturer's instructions. After 4 h of transfection, the medium was replaced with fresh medium (DMEM/F12) containing 10% fetal bovine serum.

RNA extraction and RT-qPCR
--------------------------

Total RNA (miRNA and mRNA) was extracted using TRIzol reagent (Invitrogen) according to the manufacturer's instructions. Subsequently, 1 μg total RNA was reverse transcribed with a specific stem-loop primer for miRNA and with a random primer for mRNA using the AMV First-Strand cDNA Synthesis kit (Fermentas, Pittsburgh, PA, USA). After RT reaction, real-time PCR was performed on a Light Cycler 480 (Roche, Indianapolis, IN, USA) using ABI SYBR-Green PCR Master mix (Applied Biosystems, Bedford, MA, USA). β-actin and small nuclear RNA U6 were used as an internal normalized reference for cDNA and miRNA, respectively. The primers used were as follows: miR-146a forward, 5′-ACACTCCAGCTGGGTGAGAACTGAATTCC-3′ and reverse, 5′-CTCAACTGGTGTCGTGGAGTCGGCAATTCAGTTGAGAACCCATGG -3′; Smad4 forward, 5′-CTCTAAACCTCAGGCCACATC-3′ and reverse, 5′-CAATACCTCCTCCATCAAAGC-3′; VEGF forward, 5′-ATGAACTTTCTGCTGTCTTGG-3′ and reverse, 5′-TCACCGCCTCGGCTTGTCACA-3′; β-actin forward, 5′-CTCTTCCAGCCTTCCTTCCT-3′ and reverse, 5′-TCATCGTACTCCTGCTTGCT-3′; U6 forward, 5′-CTCGCTTCGGCAGCACA-3′ and reverse, 5′-AACGCTTCACGAATTTGCGT-3′. The RT-qPCR results were analyzed and expressed as the relative miRNA levels of the Ct (cycle threshold) value, which was then calculated to fold change by the value of each control sample set at 1.

Western blot analysis
---------------------

Chondrocyte total protein was washed with pre-chilled PBS and then subjected to whole-cell ice-cold lysis buffer with 50 mmol/l Tris-HCl, pH 7.4; 1% NP-40; 150 mmol/l NaCl; 0.1% sodium dodecyl sulfate (SDS); and supplemented with proteinase inhibitor (one tablet per 10 ml; Roche, Indianapolis, IN, USA). The concentration of proteins in the chondrocyte lysate was quantified using the DC protein assay kit (Bio-Rad Laboratories, Hercules, CA, USA), and diluted to an equal concentration with hypotonic buffer. A total of 40 μg of the protein lysates was size-fractionated by 4--20% SDS-PAGE and then transblotted electrically on to nitrocellulose membranes (Invitrogen). The membranes were blocked with TBST containing 5% non-fat dry milk for 1 h and hybridized with primary antibody against Smad4 (1:1,000; Santa Cruz Biotechnology), VEGF (1:1,000; Santa Cruz Biotechnology), and GAPDH (1:5,000; Abcam, Shanghai, China) overnight at 4°C. After washing 3 times with TBST, the membranes were hybridized with horseradish peroxidase (HRP)-conjugated anti-mouse or rabbit secondary antibody (Santa Cruz Biotechnology) for 2 h. After washing 3 times with TBST again, the specific protein was detected by chemiluminescence using the enhanced chemiluminescence reagent, Pierce ECL Western Blotting Substrate (Thermo Fisher Scientific, Waltham, MA, USA). GAPDH was used as an internal control. The optical density of the immunoblots was quantified using Quantity One software (Bio-Rad Laboratories).

Luciferase reporter assay
-------------------------

The sequence of the human Smad4 3′-UTR containing the miR-146a binding side was amplified by PCR from genomic DNA using the following primers: forward, 5′-CCGCTCGAGTGAAGGAATCATTCCAGTGCTAG-3′ and reverse, 5′-TGCTCTAGACTTGGTAAAATTAACTCACCCACA-3′, and the PCR products were cloned into the pMIR-Report vector (Ambion, Austin, TX, USA) between the *Hin*dIII and *Spe*I sites downstream of the firefly luciferase gene present to develop the wild-type 3′-UTR luciferase reporter vector. The mutant 3′-UTR luciferase reporter vector was generated by site-directed mutagenesis using the QuikChange Mutagenesis kit (Stratagene, La Jolla, CA, USA) using the following primers: forward, 5′-TTAAAGGCAGAGAACAAGAGAAAGTTAATTCACC-3′ and reverse, 5′-GGTGAATTAACTTTCTCTTGTTCTCTGCCTTTAA-3′. All sequences of the amplified products were confirmed by DNA sequencing. Human chondrocytes were passaged on 24-wells plate the day prior to transfection to achieve 70--80% confluence on the following day. Human chondrocytes were transiently transfected using Lipofectamine 2000 (Invitrogen) according to the manufacturer's instructions, with wild-type or mutant-type pMIR-report-Smad4 vector in which the putative miR-146a binding site was mutated, and co-transfected with miR-146a mimics, miR-146a inhibitor or their negative control (NC) and inhibitor NC (GenePharma), individually. The human chondrocytes were also transfected with with *Renilla* luciferase reporter (pRL-TK) vector as an internal standard to determine and normalize the luciferase activity. At 24 h after transfection, the human chondrocyte lysates were extracted and luciferase activity was measured using a Dual Luciferase Reporter Assay System (Promega, Madison, WI, USA) on a Berthold AutoLumat LB9507 rack luminometer (Berthold Technologies China, Shanghai, China). The results were expressed as relative luciferase activity (firefly Luc/*Renilla* Luc). All experiments were repeated at least 3 times.

Statistical analysis
--------------------

The results are expressed as the means ± standard deviation unless otherwise indicated, and all error bars represent the standard deviation of the mean. Statistical analysis was carried out using the Student's t-test between 2 groups or one-way analysis of variance followed by Student-Newman-Kuels test for multiple comparisons with SPSS 13.0 statistical software (SPSS Inc, Chicago, IL, USA). A value of P\<0.05 was considered to indicate a statistically significant difference.

Results
=======

Effects of mechanical pressure injury on chondrocyte viability
--------------------------------------------------------------

In a preliminary experiment, the human chondrocytes were exposed to 5, 8, 10 or 12 MPa mechanical pressure for 10, 30 or 60 min, and chondrocyte viability was determined at 8, 12, 24 or 48 h after the injury was sustained by MTT assay. The experiment demonstrated that loads below 8 MPa did not result in any measurable cell death and loads above 12 MPa resulted in extensive cell death. The OD values of the chondrocytes significantly decreased in a force-dependent manner at 8, 10, 12 Mpa after loading of mechanical pressure for 60 min (P\<0.05) ([Fig. 2A](#f2-ijmm-34-02-0451){ref-type="fig"}). The OD values of the chondrocytes significantly decreased in a time-dependent manner after loading of 10 Mpa mechanical pressure (P\<0.05) ([Fig. 2B](#f2-ijmm-34-02-0451){ref-type="fig"}). Based on the preliminary results, the mechanical pressure was set at 10 MPa for 60 min in the main experiment. The OD values of the chondrocytes loaded with 10 MPa of pressure for 60 min were reduced in a time-dependent manner (P\<0.05) ([Fig. 2C](#f2-ijmm-34-02-0451){ref-type="fig"}). Compared with the non-loaded chondrocytes, the OD values of the chondrocytes loaded with 10 MPa of pressure for 60 min were reduced in a time-dependent manner at 12, 24 and 48 h after pressure injury was sustained (P\<0.05) ([Fig. 2D](#f2-ijmm-34-02-0451){ref-type="fig"}).

Mechanical pressure injury increases the expression levels of miR-146a and VEGF and decreases the levels of Smad4 in human chondrocytes
---------------------------------------------------------------------------------------------------------------------------------------

To identify the miRNAs involved in the process of injury sustained by chondrocytes due to mechanical pressure and their role in the pathogenesis of OA, we screened for the miRNAs which responded to exposure to mechanical pressure (10 Mpa, 60 min) in the human chondrocytes. This is a novel cell injury model to mimic mechanical pressure injury substained by chondrocytes related to the progression of OA *in vitro*. The expression profiles of miRNAs and the transcription profiles in mechanically injured chondrocytes at 48 h following exposure to mechanical pressure were investigated by miRNA and gene microarray analysis. A series of miRNAs and genes was found to have altered expression levels in response to mechanical pressure injury. The results revealed that there was a significant difference in the expression of miR-146a between the mechanically injured and normal human chondrocytes with a 406 fold change in expression (data not shown); this is in accordance with the results of a previous study which demonstrated that miR-146a mediates inflammatory response ([@b16-ijmm-34-02-0451]). Its expression is higher in OA cartilage than in normal cartilage ([@b33-ijmm-34-02-0451]). Bioinformatics analysis revealed that Smad4 is a potential target gene of miR-146a. The gene microarray report indicated that the expression levels of Smad4 were downregulated and the expression levels of VEGF were upregulated (data not shown). Thus, we selected miR-146a for further investigation.

Mechanical pressure injury (10 Mpa, 60 min) rapidly induced miR-146a and VEGF expression and inhibited Smad4 expression in human chondrocytes, and their expression gradually increased and decreased, respectively over a 48-h time course following the exposure of the chondrocytes to mechanical pressure ([Fig. 3A--C](#f3-ijmm-34-02-0451){ref-type="fig"}), which was consistent with the microarray results (data not shown). Mechanical pressure injury stimulated the VEGF protein levels and inhibited the Smad4 protein levels ([Fig. 3D](#f3-ijmm-34-02-0451){ref-type="fig"}) in a time-dependent manner.

Upregulation of miR-146a and validation for miR-146a oligonucleotide transfection in human chondrocytes
-------------------------------------------------------------------------------------------------------

To investigate the function of miR-146a, we transfected the human chondrocytes with miR-146a mimics, negative control mimics, miR-146a inhibitors or negative control inhibitors. These oligonucleotides could be observed with a fluorescence microscope (Olympus China, Beijing, China) as there was a FAM fluorescent label in their 5′ oligonucleotide structure. At 24 h after transfection, fluorescence microscopy revealed that the transfection efficiency of the miR-146a mimics in the human chondrocytes was \>80% ([Fig. 4A](#f4-ijmm-34-02-0451){ref-type="fig"}), and the transfection efficiency of the other groups was similar (data not shown). miR-146a was significantly knocked down or overexpressed by transfection with miRNA inhibitors or miRNA mimics compared with the negative control roups (P\<0.01) ([Fig. 4B and C](#f4-ijmm-34-02-0451){ref-type="fig"}).

miR-146a targets Smad4 through a seed site in the 3′-UTR of Smad4 mRNA
----------------------------------------------------------------------

To determine whether miR-146a regulates the expression of Smad4 and VEGF, we transfected the human chondrocytes with miR-146a mimics (146aMi), negative control mimics (MiNC), miR-146a inhibitors (146aIn) or negative control inhibitors (InNC). The results indicated that miR-146a regulates the expression of Smad4 and VEGF in an opposite manner. The overexpression of miR-146a inhibited Smad4 expression and stimulated the VEGF mRNA and protein levels ([Fig. 5A--C](#f5-ijmm-34-02-0451){ref-type="fig"}). By contrast, the knockdown of miR-146a by miR-146a inhibitor increased Smad4 expression and inhibited the VEGF mRNA and protein levels in the human chondrocytes ([Fig. 5D--F](#f5-ijmm-34-02-0451){ref-type="fig"}).

Using miRNA target prediction software as previously described ([@b43-ijmm-34-02-0451]), we examined the potential targets of miR-146a by searching the PicTar and miRanda, as well as the TargetScan databases. After consulting the microarray results (data not shown), among the candidate targets, we identified a potential miR-146a binding sequence in the 3′-UTR of Smad4, which contains a putative region that matches the seed sequence of miR-146a ([Fig. 6A](#f6-ijmm-34-02-0451){ref-type="fig"}). Furthermore, to determine whether Smad4 is indeed the target of miR-146a through this seed sequence, we constructed luciferase reporter plasmids harboring the wild-type 3′-UTR and the mutant 3′-UTR ([Fig. 6A](#f6-ijmm-34-02-0451){ref-type="fig"}). While luciferase activity of the mutant 3′-UTR reporter was not statistically significant between the miR-146a mimic and the negative control group (MiNC), the reporter luciferase activity of the wild-type 3′-UTR was significantly inhibited by miR-146a in the miR-146a mimic group (146aMi) compared with the negative control group (MiNC) ([Fig. 6B](#f6-ijmm-34-02-0451){ref-type="fig"}). The luciferase activity of the wild-type 3′-UTR reporter was significantly increased in the miR-146a inhibitor (146aIn)-transfected cells compared with the inhibitor negative control group (InNC)-transfected cells, and this increase was markedly reduced in the mutant 3′-UTR ([Fig. 6C](#f6-ijmm-34-02-0451){ref-type="fig"}). In summary, Smad4 is a direct target of miR-146a.

Effects of mechanical pressure injury and miR-146a on apoptosis of human chondrocytes
-------------------------------------------------------------------------------------

The number of apoptotic cells was counted and compared between the non-loaded normal human chondrocytes and the chondrocytes which were exposed to 10 MPa of mechanical pressure for 60 min by flow cytometry at 8, 12, 24 or 48 h after the injury was sustained. The percentage of apoptotic chondrocytes loaded with 10 MPa of pressure for 60 min significantly increased in a time-dependent manner (P\<0.01) ([Fig. 7A](#f7-ijmm-34-02-0451){ref-type="fig"}).

Since mechanical pressure injury stimulates apoptosis and the expression levels of miR-146a in chondrocytes, we examined whether the expression of miR-146a affects chondrocyte apoptosis. The overexpression of miR-146a in the chondrocytes induced a significant increase in the percentage of apoptotic chondrocytes at 24 h after transfection (P\<0.01) ([Fig. 7B](#f7-ijmm-34-02-0451){ref-type="fig"}), and markedly increased the percentage of apoptotic chondrocytes exposed to mechanical pressure (10 Mpa, 60 min, injured at 12 h after transfection) at 12 h after the injury was sustained (P\<0.05) ([Fig. 7B](#f7-ijmm-34-02-0451){ref-type="fig"}). These results indicate that miR-146a plays a role in mediating mechanical injury-induced apoptosis in human chondrocytes.

Mechanical pressure injury regulates Smad4 and VEGF expression and chondrocyte apoptosis through miR-146a in human chondrocytes
-------------------------------------------------------------------------------------------------------------------------------

To demonstrate the role of miR-146a in mediating mechanical injury sustained by chondrocytes, we used miR-146a inhibitor to block its expression in human chondrocytes. Human chondrocytes were loaded with mechanical pressure (10 Mpa, 60 min) 12 h following transfection with miR-146a inhibitor. The expression levels of miR-146a, Smad4 and VEGF were monitored by RT-qPCR and western blot analysis at 12 h after the injury was sustained. The knockdown of miR-146a with the inhibitor significantly suppressed the upregulation of miR-146a expression induced by mechanical injury ([Fig. 8A](#f8-ijmm-34-02-0451){ref-type="fig"}). Transfection with the miR-146a inhibitor significantly increased Smad4 mRNA expression, while the Smad4 mRNA levels were inhibited following mechanical injury ([Fig. 8B](#f8-ijmm-34-02-0451){ref-type="fig"}). While mechanical injury markerly increased the VEGF mRNA levels, transfection with miR-146a inhibitor reversed this effect ([Fig. 8C](#f8-ijmm-34-02-0451){ref-type="fig"}). The knockdown of endogenous miR-146a induced similar effects on Smad4 and VEGF protein levels as on their mRNA levels following mechanical injury ([Fig. 8D](#f8-ijmm-34-02-0451){ref-type="fig"}). Compared with the mechanically injured chondrocytes transfected with the negative control inhibitor, the percentage of apoptotic chondrocytes transfected with the miR-146a inhibitor decreased 12 h after the injury was sustained ([Fig. 9](#f9-ijmm-34-02-0451){ref-type="fig"}). These results indicte that miR-146a is involved in human chondrocyte apoptosis in response to mechanical injury by regulating Smad4 and VEGF expression.

Mechanical pressure injury upregulates VEGF expression and chondrocyte apoptosis through Smad4 in human chondrocytes
--------------------------------------------------------------------------------------------------------------------

To determine whether miR-146a mediates the upregulation of VEGF and chondrocyte apoptosis through Smad4 following mechanical pressure injury, the chondrocytes were transfected with Smad4 siRNA to inhibit Smad4 expression. Transfection with Smad4 siRNA reduced the levels of both Smad4 mRNA ([Fig. 10A](#f10-ijmm-34-02-0451){ref-type="fig"}) and protein ([Fig. 10B](#f10-ijmm-34-02-0451){ref-type="fig"}). The knockdown of Smad4 significantly increased the VEGF mRNA and protein levels ([Fig. 10B and C](#f10-ijmm-34-02-0451){ref-type="fig"}), and induced a marked increase in the percentage of apoptotic cells in the non-loaded chondrocytes, at 24 h after transfection (P\<0.01) ([Fig. 10D](#f10-ijmm-34-02-0451){ref-type="fig"}). Compared with the mechanically injured chondrocytes transfected with control siRNA, the inhibition of Smad4 markedly increased the percentage of apoptotic cells (10 Mpa, 60 min, injured at 12 h after transfection) at 12 h after the injury was sustained (P\<0.05) ([Fig. 10D](#f10-ijmm-34-02-0451){ref-type="fig"}). These results indicate that Smad4 mediates the upregulation of VEGF and chondrocyte apoptosis.

Discussion
==========

Blunt mechanical force injury sustained by the articular cartilage, often results from accidents or sports injuries ([@b44-ijmm-34-02-0451]). Mechanical force injury sustained by chondrocytes is associated with local inflammatory reactions and represents a major risk factor for the development of OA ([@b45-ijmm-34-02-0451]). In the present study, we developed a novel chondrocyte model of biomechanically defined mechanical pressure-induced human mechanical injury for *in vitro* studies, and demonstrate for the first time that miR-146a is upregulated by experimentally-induced chondrocyte mechanical injury in this model. To the best of our knowledge, this is the first time that miR-146a is identified as a mechano-responsive miRNA in chondrocytes. However, it remains to be determined whether miR-146a is responsive to the overload of mechanical stimuli in addition to the gene expression of catabolic and anabolic markers and the release of proinflammatory mediators.

In response to overloading external stimuli, cells are forced to die in different ways ([@b46-ijmm-34-02-0451],[@b47-ijmm-34-02-0451]). In animal and human cartilage injury models, mechanical stimuli represent important regulators of chondrocyte function and induce mediators of inflammation and chondrocyte death ([@b48-ijmm-34-02-0451]--[@b51-ijmm-34-02-0451]). In the pathological process of chondrocyte mechanical injury, parts of damaged chondrocytes undergo necrosis in the early post-injury phase. Parts of the remaining demaged chondrocytes are prone to apoptosis ([@b12-ijmm-34-02-0451],[@b52-ijmm-34-02-0451]). A number of studies have shown that the rate of chondrocyte apoptosis is increased in OA cartilage and have authenticated the role of apoptosis in the pathogenesis of OA ([@b9-ijmm-34-02-0451],[@b11-ijmm-34-02-0451],[@b52-ijmm-34-02-0451]--[@b55-ijmm-34-02-0451]). In the present study, chondrocyte viability significantly decreased and the percentage of apoptotic chondrocytes increased, separately, in a time-dependent manner following the exposure of chondrocytes to mechanical pressure.

However, the process of programmed cell death occurs through the activation of the caspase cascade, and may be blocked if one of the proteins involved in executing apoptosis is genetically impaired or chemically inhibited, or if the apoptotic machinery is not properly operated under specific conditions, such as ischemia and microbial infection, which suggests possible targets for novel therapeutic strategies ([@b56-ijmm-34-02-0451]). Thus, modulation of the mechanisms mediated by substances inducing apoptosis is being considered as a novel strategy for the treatment of OA. Our study focused on miR-146a, Smad4 and VEGF following the screening of differentially expressed genes and miRNAs. Mechanical pressure injury increased the expression levels of miR-146a and VEGF and decreased the levels of Smad4 in the chondrocytes in a time-dependent manner. The results revealed that the expression levels of Smad4 were inversely related to the miR-146a and VEGF levels. Our follow-up experiments suggested that Smad4 is a direct target of miR-146a for post-transcriptional regulation. Furthermore, our data suggest that miR-146a regulates chondrocyte apoptosis by inhibiting Smad4. Yet, the mechanisms through which Smad4 reduces chondrocyte apoptosis remain unknown. It has been shown previously that Smad4 is a key mediator in transmitting signals from TGF-β ([@b57-ijmm-34-02-0451]). Furthermore, extracellular signal-regulated protein kinases 1 and 2 (ERK1/2) are cental members of the mitogen-activated protein kinase superfamily that can mediate cell proliferation and apoptosis ([@b58-ijmm-34-02-0451],[@b59-ijmm-34-02-0451]). Moreover, previous studies have shown that the TGF-β stimulation of ERK1/2 phosphorylation is independent of Smad4 ([@b60-ijmm-34-02-0451]). The knockdown of Smad4 by miR-146a may thus block the activation of ERK1/2 to regulate chondrocyte apoptosis.

Mechanical signals are important for normal cartilage to maintain tissue integrity and homeostasis ([@b61-ijmm-34-02-0451],[@b62-ijmm-34-02-0451]). Chondrocytes respond to changes in the levels of pro-inflammatory mediators and mechanical signals in OA ([@b63-ijmm-34-02-0451],[@b64-ijmm-34-02-0451]). Pro-inflammatory mediators inhibit homeostatic mechanisms and supress cartilage repair and chondrocyte viability. However, the physiological levels of mechanical forces induce matrix synthesis and chondrocyte proliferation ([@b65-ijmm-34-02-0451]). Previous studies have suggested that VEGF, an important synovial and cartilage vascularization factor ([@b66-ijmm-34-02-0451]), appears to also be involved in the process of OA ([@b67-ijmm-34-02-0451]), and can be induced by mechanical forces to ERK1/2 activation for sustaining the effects of mechanical signals for mechanisms underlying reparative actions. In our further observation, the data indicated that the upregulation of VEGF induced by miR-146a overexpression is mediated by Smad4 in mechanically injured chondrocytes. These reuslts are consistent with those of previous studies, showing that Smad4 inhibits VEGF expression and suppresses tumorigenicity through the inhibition of angiogenesis in human pancreatic and gastrointestinal carcinoma cells ([@b68-ijmm-34-02-0451]--[@b70-ijmm-34-02-0451]). Of note, while the miR-146a inhibitor or Smad4 siRNA markerly affected the mechanical injury regulation of VEGF, the inhibition of miR-146a or Smad4 did not completely counteract the induction of VEGF in response to the overloading mechanical. This suggests that, in addition to miR-146a and Smad4, other factors are involved in mediating the mechanical injury regulation of VEGF and Smad4. Evidence suggests that chondrocytic mechanosensing is competent of recognizing and esponding to signals of various intensities to differentially mediate cartilage repair and pathologies ([@b71-ijmm-34-02-0451]). Furthermore, mechanical injury stimuli includes plural mechanical signals. Moreover, singleness mechanical signal-stimulates activation of cells is a complex rapid process and leads to the activation of multiple intracellular signaling cascades, flow channels and genes ([@b72-ijmm-34-02-0451]--[@b74-ijmm-34-02-0451]). We speculate that the induction of VEGF by mechanical injury may partially depend on an unknown activation of cells by some mechanical signal.

The results of this study demonstrate that miR-146a is overexpressed in an experimental chondrocyte model of human mechanical injury, accompanied by the upregulation of VEGF and the downregulation of Smad4 *in vitro*. miR-146a is involved in human chondrocyte apoptosis in response to mechanical injury, and may contribute to the mechanical injury sustained by chondrocytes and the pathogenesis of OA by increasing the levels of VEGF and damaging the TGF-β signaling pathway through the targeted inhibition of Smad4 in human chondrocytes. These data may provide a novel signaling cascade that links miR-146a-mediated mechanical injury stimuli to Smad4-dependent cell apoptosis in human chondrocytes through a mechanism involving TGF-β, ERK1/2 and VEGF, and raise the possibility that miR-146a may be a therapeutic target for the treatment of OA.
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![The device for applying pressure to cells. (A) The mechanical pressure-controlled cellular injury unit chart. (B) Schematic diagram of the custom-made instrument for applying mechanical pressure to chondrocytes. The main components of the instrument include a mechanical pressure container, a pressure control system, a temperature control system and a compressed gas cylinder.](IJMM-34-02-0451-g00){#f1-ijmm-34-02-0451}

![Effects of mechanical injury on the viability of human chondrocytes. (A) The OD values of normal chondrocytes exposed to 5, 8, 10 and 12 Mpa of mechanical pressure for 60 min, at 24 h following exposure to mechanical pressurey (^\*^P\<0.05; bars, means ± SD; n=3). (B) The OD values of normal chondrocytes exposed to 10 Mpa of mechanical pressure for 10, 30 or 60 min, at 24 h following exposure to mechanical pressure (^\*^P\<0.05; bars, means ± SD; n=3). (C) The OD values of normal chondrocytes exposed to 10 Mpa mechanical pressure for 60 min, at 8, 12, 24 and 48 h following exposure to mechanical pressure (^\*^P\<0.05; bars, means ± SD; n=3). (D) The OD values of the normal chondrocytes exposed to 10 Mpa mechanical pressure for 60 min, at 8, 12, 24 and 48 h following exposure to mechanical pressure (^\*^P\<0.05; bars, means ± SD; n=3). Control, non-loaded cells.](IJMM-34-02-0451-g01){#f2-ijmm-34-02-0451}

![Mechanical pressure injury rapidly induced miR-146a and vascular endothelial growth factor (VEGF) expression and downregulated Smad4 expression in a time-dependent manner after the injury was sustained. Human chondrocytes were loaded with mechanical pressure (10 Mpa, 60 min). Expression levels of miR-146a, Smad4 and VEGF were monitored by RT-qPCR and western blot analysis at the indicated times after the injury was sustained. (A) miR-146a expression was significantly increased over a 48-h time course (P\<0.05, n=3). (B) mRNA levels of Smad4 were reduced after mechanical pressure injury (P\<0.05, n=3). (C) VEGF expression was upregulated by mechanical pressure injury (P\<0.05, n=3). (D) Protein levels of Smad4 and VEGF were, respectively, decreased and increased in chondrocytes in a time-dependent manner after mechanical pressure injury. GAPDH was used as an internal control. Control, non-loaded cells.](IJMM-34-02-0451-g02){#f3-ijmm-34-02-0451}

![mMiR-146a oligonucleotide transfection and miR-146a expression in human chondrocytes. (B and C) Human chondrocytes were transfected with miR-146a mimics (146aMi), negative control mimics (MiNC), miR-146a inhibitors (146aIn), negative control inhibitors (InNC) and vacuous oligonucleotide (Blank). (A) Human chondrocytes were observed with white bright (left panel) and green fluorescence assay (right panel) in the same vision using a fluorescence microscope (magnification, ×100) at 24 h after transfection. (B) miR-146a expression levels were evaluated by RT-qPCR in the chondrocytes transfected with miR-146a inhibitors (146aIn) and negative control inhibitors (InNC) (^\*\*^P\<0.01; bars, means ± SD; n=3). (C) miR-146a expression levels were evaluated by RT-qPCR analysis in chondrocytes transfected with miR-146a mimics (146aMi) and negative control mimics (MiNC) (^\*\*^P\<0.01; bars, means ± SD; n=3).](IJMM-34-02-0451-g03){#f4-ijmm-34-02-0451}

![Expression levels of miR-146a, Smad4 and VEGF were monitored by RT-qPCR and western blot analysis at 24 h after transfection. (A-C) Human chondrocytes were transfected with miR-146a mimics (146aMi) and negative control mimics (MiNC). (D-F) Human chondrocytes were transfected with miR-146a inhibitors (146aIn) and negative control inhibitors (InNC). (A) Overexpression of miR-146a significantly inhibited Smad4 mRNA levels (^\*^P\<0.05; bars, means ± SD; n=3). (B) VEGF mRNA expression was upregulated by the overexpression of miR-146a (^\*\*^P\<0.01; bars, means ± SD; n=3). (C) Protein levels of Smad4 and VEGF were, respectively, decreased and increased in chondrocytes transfected with miR-146a mimics. GAPDH was used as an internal control. (D) mRNA levels of Smad4 were increased by the knockdown of miR-146a with miR-146a inhibitor (^\*\*^P\<0.01; bars, means ± SD; n=3). (E) mRNA levels of VEGF were reduced by the knockdown of miR-146a with miR-146a inhibitor (^\*\*^P\<0.01; bars, means ± SD; n=3). (F) Protein levels of Smad4 and VEGF were respectively increased and decreased in chondrocytes transfected with miR-146a inhibitor. GAPDH was used as an internal control.](IJMM-34-02-0451-g04){#f5-ijmm-34-02-0451}

![Smad4 is a direct target of miR-146a. (A) Schematic representation of the sequence alignment of the wild-type Smad4 3′-UTR (light color) indicating the binding site of the miR-146a and the mutant Smad4 3′-UTR for pMIR-report (WT, wild-type; MUT, mutant). (B) Compared with negative control group (MiNC), miR-146a mimics (146aMi) significantly inhibited the reporter luciferase activity of the wild-type Smad4 3′-UTR (^\*\*^P\<0.01; bars, means ± SD; n=3) but not that of the mutant Smad4 3′-UTR (P\>0.05; bars, means ± SD; n=3). (C) Compared with inhibitor negative control group (InNC), the reporter luciferase activity of the wild-type Smad4 3′-UTR was significantly increased by miR-146a inhibitor (146aIn) (^\*\*^P\<0.01; bars, means ± SD; n=3) than that of the mutant Smad4 3′-UTR (^\*^P\<0.05; bars, means ± SD; n=3).](IJMM-34-02-0451-g05){#f6-ijmm-34-02-0451}

![Mechanical pressure injury and miR-146a lead to apoptosis of human chondrocytes. (A) Compared with the control cells, the percentage of apoptotic chondrocytes loaded with 10 MPa of pressure for 60 min significantly increased in a time-dependent manner after injury was sustained (^\*\*^P\<0.01; bars, means ± SD; n=3). (B) Human chondrocytes were loaded with mechanical pressure (10 Mpa, 60 min), at 12 h after transfection with miR-146a mimics or negative control. The number of apoptotic cells was counted by flow cytometry, at 12 h after the injury was sustained or at 24 h after transfection. Compared with the control cells, the percentage of apoptotic chondrocytes overexpressing miR-146a significantly increased 24 h after transfection with miR-146a mimics (^\*\*^P\<0.01; bars, means ± SD; n=3). Compared with the chondrocytes exposed to mechanical pressure and transfected with the negative control, the percentage of apoptotic chondrocytes overexpressing miR-146a significantly increased 24 h after transfection (^\*^P\<0.05; bars, means ± SD; n=3).](IJMM-34-02-0451-g06){#f7-ijmm-34-02-0451}

![The inhibition of miR-146a attenuates the downregulation of Smad4, the upregulation of VEGF, and the increase in chondrocyte apoptosis after mechanical injury. Chondrocytes were transfected with miR-146a inhibitors and loaded with or without mechanical pressure (10 Mpa, 60 min). (A) Compared with mechanically injured chondrocytes transfected with inhibitor negative control, miR-146a inhibitors decreased the upregulation of miR-146a after mechanical injury (^\*\*^P\<0.01; bars, means ± SD; n=3). (B) Compared with mechanically injured chondrocytes transfected with inhibitor negative control, the downregulation of Smad4 mRNA expression was markedly increased by miR-146a inhibitors after mechanical injury (^\*\*^P\<0.01; bars, means ± SD; n=3). (C) Compared with mechanically injured chondrocytes transfected with inhibitor negative control, VEGF expression was markerdly reduced by miR-146a inhibitors after mechanical injury (^\*\*^P\<0.01; bars, means ± SD; n=3). (D) Compared with mechanically injured chondrocytes transfected with inhibitor negative control, miR-146a inhibitors counteracted the downregulation of Smad4 and upregulation of VEGF at the protein level after mechanical injury.](IJMM-34-02-0451-g07){#f8-ijmm-34-02-0451}

![Compared with mechanically injured chondrocytes transfected with inhibitor negative control, the promoter effect of chondrocyte apoptosis was significantly counteracted by miR-146a inhibitors after mechanical injury (^\*\*^P\<0.01; bars, means ± SD; n=3).](IJMM-34-02-0451-g08){#f9-ijmm-34-02-0451}

![VEGF expression and chondrocyte apoptosis is regulated by Smad4. Knockdown of Smad4 by RNAi increased VEGF expression at the protein level. Chondrocytes were transfected with siRNA against Smad4 or control siRNA (Ctrl). (A) Smad4 siRNA effectively reduced the expression of Smad4 mRNA. (B) Inhibition of Smad4 increased the protein level of VEGF. GAPDH was used as an internal control. (C) mRNA levels of VEGF were reduced by the knockdown of Smad4 with Smad4 siRNA (^\*\*^P\<0.01; bars, means ± SD; n=3). (D) Inhibition of Smad4 increased the percentage of apoptotic cells in non-loaded chondrocytes (^\*\*^P\<0.01; bars, means ± SD; n=3); Compared with the mechanically injured chondrocytes transfected with control siRNA, the knockdown of Smad4 effectively increased the percentage of apoptotic cells (^\*^P\<0.05; means ± SD; n=3).](IJMM-34-02-0451-g09){#f10-ijmm-34-02-0451}
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